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Abstract 
 
Solid state superionic stamping (S4) is a non-photolithographic process for etching features 
into thin metal films which has shown the capability of reproducing features below 100 nm in 
recent years. The technique has significant potential because in addition to its high resolution 
capability it is both fast and inexpensive. Potential applications for this process include applied 
plasmonic and surface enhanced Raman scattering substrates, as well as a many other devices 
which this process would allow to be scaled-down economically. Previous generations of stamps 
for this process were developed primarily to test the fundamental limits of the technique. 
However, for S4 to become practically applicable in an industrial setting requires a body of 
knowledge surrounding stamp fabrication that allows the stamps to be simpler to produce than an 
alternate method for fabricating S4 processed substrates.  
Specifically, S4 stamp generation has been hindered by the ability to generate extremely 
high quality surfaces. With that in mind, several methods for working with traditional Ag2S 
stamps were examined. One goal was to produce larger diameter stamps without resorting to 
extensive waste of Ag2S. The ductile nature of the material was exploited to change the geometry 
of the material to increase the portion of the stamp actively participating in etching metal. These 
larger diameter films were also exploited in an attempt to produce sputtering targets in the hope 
of generating a new method for fabricating high quality stamps.  
In contrast to work with the previously demonstrated Ag2S stamps, alternative materials 
for S4 patterning were also examined based on applicability to the S4 process. A class of silver 
conducting superionic materials was identified as potentially beneficial for S4 based on their low 
melting points and glass transition temperatures. These compounds opened the possibility of a 
nano-imprint inspired stamp generation process that would scale to significantly larger areas 
while producing higher quality stamp surfaces. 
The silver iodide silver metaphosphate glass system was singled out as most promising for 
S4 stamps. This material was synthesized, characterized, and developed into a rudimentary S4 
stamp, where it demonstrated a significant improvement over the previously reported superionic 
stamp materials. Silver features as small as 30 nm were reproduced from a silicon mold with 
nanoscale dots. Overall these scalable glass stamps possess similar resolution to previous stamps, 
while being facile to fabricate. 
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 Chapter 1:  Introduction 
 
Micro- and nano-scale patterned metals are crucial components to modern technology. 
The shrinking of microelectronic devices over the last few decades has necessitated that 
interconnects also scale down from micron sized features down well into the nanometer regime 
[1]. Alongside top-down advances in metal processing technology, bottom-up phenomenon such 
as localized surface plasmon resonance (LSPR) and surface-enhanced Raman spectroscopy 
(SERS) show promise for future devices [2,3,4,5]. LSPR sensors allow light to efficiently couple 
with metal wires. SERS sensors benefit from the greatly enhanced Raman signal allowing 
significantly more sensitive chemical detectors. Through increased surface area, chemiresistors 
also benefit from nano-scale patterning of metal [6]. When used in combination with metal 
assisted chemical etching, nanopatterned metal films serve as a template to produce 3D 
structures [7].  
Current methods for depositing metal nanoparticles are limited by nonspecific particle 
placement. In interconnects as well as in MEMS sensors, a precise metal pattern is needed over 
large areas. This thesis covers an approach to fabrication of large-area metal nanoscale features 
using all solid state patterning. Specifically, several approaches are taken to expand silver 
patterning options by developing scalable stamps for solid state superionic stamping.  
 
 Large-Area Compatible Nano-scale Metal Patterning Processes 1.1
 
Metal patterning techniques are most commonly indirect in nature, consisting of first 
patterning a nonmetal layer, followed by several steps to transfer the pattern into metal. Most 
common among the patterning techniques is photolithography, followed by deposition of a metal 
layer, and lift-off of excess metal. In photolithography a substrate is coated with a light sensitive 
polymer photoresist, which is then selectively exposed to light. The light changes the solubility 
of the exposed region to a developer solution. During subsequent development, either only the 
light-exposed area dissolves with positive tone photoresist, or when using negative tone resists 
only the unexposed areas dissolve. This patterning technique, refined in the microprocessor 
industry from micrometer size features to the submicron scale, relies on an opaque mask and 
optics to achieve selective light exposure. Proximity based photolithography brings the mask 
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either very close or in contact with the photoresist layer and relies on light not diffusing after 
passing through the mask as shown in Figure 1. Equation 1 shows that feature resolution, even in 
contact mode, is based on the light wavelength as well as the resist thickness.  
 
  32  	
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Figure 1. Example of proximity based photolithography. Mask blocks light (wavelength λ) during exposure of 
photoresist. Resist thickness is z, with a gap between photoresist and mask of s. 
 Smaller features are possible by using shorter wavelength light; however the availability 
of optical materials for use in the vacuum ultraviolet range is very limited. Nano-scale mask 
features also require advanced mask writing techniques, making such masks more expensive. 
One solution, projection photolithography, uses lenses to decrease the magnification of mask 
features by a factor of up to ten [8]. In this type of photolithography the minimum feature size is 
limited by the numerical aperture of the lens system, the depth of field of image formation, and 
the wavelength of light. Since the depth of field decreases when increasing the numerical 
aperture and decreasing wavelength, high resolution features limit the resist thickness and 
require the substrate to be very flat. Ultimately features below 50 nm are difficult to produce 
with photolithography, especially over larger areas [8]. 
 Patterning a thin film of photoresist is the first step in producing metal patterns. 
Afterwards, a metal layer is deposited via evaporation or sputtering. Then the photoresist layer is 
sacrificed releasing the portion of metal not directly adhered to the underlying substrate. For the 
lift-off process to be successful, the edge of the photoresist features must be sharp, causing a 
break between the metal lying on the resist and on the substrate. As a result of the limited 
photoresist thickness suitable for high resolution patterning, metal films deposited with this 
technique must also be thin.  
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 The damascene process avoids difficulties associated with achieving lift-off of unwanted 
metal by using traditional lithography to pattern a permanent dielectric layer such as silicon 
dioxide. The dielectric then serves as a permanent spacing layer with metal conformally 
deposited over it. In the second part of the process, the entire wafer is planarized using chemical 
mechanical polishing (CMP), removing the excess metal. During metal deposition into narrow 
trenches, however, the increased growth of the metal at the top of the trench will pinch off and 
create a void. Due to the large impact of voids on electronic conductivity in nanowires 
Andricacos et al have developed a superconformal coating technique to prevent void formation 
[9]. An important benefit of this process is that the finished substrate remains planar and can be 
further processed with many layers using high resolution lithography [10]. Though this technique 
has been adopted by microchip manufactures, CMP is a costly process that requires very strict 
process control to avoid dishing and scratching when polishing heterogeneous materials [1]. 
 Besides the traditional lift-off and damascene processes there exist several less common 
methods for metal patterning including micro-contact printing and electrochemical 
micromachining. Micro-contact printing utilizes a soft elastomer with a patterned surface, 
usually polydimethylsiloxane (PDMS), to transfer an ink of self-assembled monolayer (SAM) to 
the substrate. The monolayer acts as a mask for following steps and can be used to pattern gold 
silver and copper [11]. Ultimately however, the process is limited to 100-200 nm due to surface 
diffusion of the inks and disorder at printed edges, and it is not suited to use in microelectronic 
devices due to the relatively high defect density of the SAM [12]. 
In contrast to other metal patterning techniques, electrochemical micromachining (EMM) 
presents a direct alternative to patterning metal. In the process, a conductive probe is brought in 
close proximity to the metal surface with a liquid electrolyte, usually a highly concentrated metal 
salt solution, filling the space between them. When a short pulse of voltage is applied to the 
probe, the metal anodically dissolves in a small region around the probe. Progress on picosecond 
pulsing in this technique has allowed the etching distance around the probe to be controlled 
down to 20 nm [13]. Besides acting as a single point etching system, probes have also been 
designed which incorporate relief patterns, effectively etching 90 nm features simultaneously 
over an area of 25 µm2 [14]. 
Conventional indirect patterning methods such as lithography and liftoff present serious 
challenges to the patterning of metal films. Achieving nanoscale features requires the use of very 
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expensive exposure systems, often resorting to much slower charged particle beams to achieve 
the highest resolution. The damascene process also encounters challenges at the nanometer scale, 
especially in CMP. These processes also can be cumbersome due to the many steps involved: as 
many as twenty per layer for the damascene process [15]. While technologies such as 
electrochemical micromachining provide a direct method for metal patterning, the process is still 
limited in capabilities and can only pattern small areas. Moreover, the process requires liquids in 
the form of metal salt solutions, many of which are not compatible with other micro-fabrication 
methods. The solution, explored in the following chapters is to continue development of an all 
solid-state patterning method. 
 
 Superionic Conductors 1.2
 
While familiar charge conducting materials utilize electrons—or their absence, holes—to carry 
charge, solid electrolytes are materials that allow electricity to flow through the movement of 
ions. A subset of ionic solid electrolytes with high conductivities of 10-3-101 S/cm are classified 
as superionic conductors, where the transport of ions can be as high as with liquid electrolytes, 
enabling new solid state technologies [16]. For example, solid oxide fuel cells can efficiently 
generate electricity using a separation material, typically zirconia, that permits the conduction of 
oxygen ions [17]. In contrast to electronic conductors, most ionic conductors are only 
significantly conductive above room temperature and in the case of solid oxide fuel cells operate 
efficiently at 750-1000°C. While ionic conduction in these materials is very high in relation to 
other ionic conductors, their conductivities are still significantly less than metals, which typically 
have conductivities ranging from 101-105 S/cm. 
 Conduction in a solid electrolyte is due to two types of intrinsic defect structures: 
Schottky defects and Frenkel defects seen in Figure 2. Schottky defects represent a missing atom 
in the lattice structure resulting in a charge carrier not unlike that generated by holes in 
semiconductors. Frenkel defects are caused by an ionic species jumping through interstitial 
lattice positions. The prevalence of one type of defect over another varies with material 
chemistry, with familiar chemicals such as NaCl containing primarily Schottky defects and AgCl 
containing Frenkel defects [16].  
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While the precise cause of ion mobility can vary, Equation 2 and 3 show that both 
intrinsic defects increase the concentration of carrier types exponentially with temperature shown 
in Figure 3 [18]. This results in an exponential increase in ionic conductivity with temperature 
which corresponds to an activation energy for carrier generation. In a practical sense this means 
that many ionic conductors are only classifiable as superionic conductors at elevated 
temperature. Some superionic materials, however, are characterized by an extremely low 
activation energy which results in a much flatter conductivity versus temperature profile. The 
low activation energy results in ion mobility similar to that of a liquid electrolyte confined within 
a solid matrix. This behavior differs from that of metals, whose conductivity actually decreases 
with temperature.  
 
 
Figure 2. Two types of intrinsic defects in ionic materials. Left: Schottky defects are paired lattice site 
vacancies. Right: Frenkel defects are atoms which are in interstitial sites instead of lattice sites. Dotted lines 
represent vacancies. 
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Figure 3. Ionic conductivity of various silver conducting solid electrolytes [19]. 
 Solid State Superionic Stamping Background 1.3
 
 Recently a new process called solid state superionic stamping or S4, has been developed 
that allows direct patterning of metal films through a unique, entirely solid state process [20]. 
First this process borrows from electrochemical micromachining (EMM), which allows intricate 
patterning of metal films on the micro scale. Traditional electrochemical micromachining makes 
use of a liquid electrolyte to conduct the dissolved metal away from the etching site. However, 
due to the use of liquid, sharp corners experience accelerated etching which limits the feature 
resolution [14,21].  
 S4 improves upon current direct metal patterning techniques such as EMM by increasing 
the precision of etching, as well as converting the process from a serial, probe based nature to a 
parallel, stamp based one. In S4, a solid state superionic conductor is fashioned into a stamp, 
with a flat side patterned with high resolution relief on the surface. When the stamp is pressed 
against a film of metal, only some areas of the stamp surface make contact. By applying a small 
voltage gradient between the stamp and the metal film, the metal layer begins to anodize. Metal 
ions are drawn into the solid electrolyte similarly to the charging cycle in a battery. As metal is 
removed from the thin film, the stamp continuously progresses downward, etching away metal 
until either the voltage source is removed or the supply of compatible metal ions is exhausted. 
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The final result of this process is a patterned metal surface replicating the original design in the 
S4 stamp as shown in Figure 4. 
 
 
Figure 4. Schematic of solid state superionic stamping process. Left: A patterned stamp of superionic 
conductor—of M+ ions—is pressed against a film of metal M. Center: A small applied voltage anodically 
dissolves metal in contact with stamp; M+ ions are absorbed into the electrolyte. Right: Removal of metal 
continues eventually reproducing the relief patterns from the stamp in the remaining metal. 
 
In contrast to EMM, using a patterned solid electrolyte allows sharp corners to be 
replicated, since the etching process requires physical contact between metal and electrolyte. 
Moreover, by using a patterned surface instead of a single etching point, the process benefits 
from parallel patterning of surface features. The parallel patterning nature is similar to the benefit 
nanoimprint lithography progress has made in comparison to traditional electron beam writing. 
In fact the nature of the S4 process shares many similarities with imprint lithography such as 
ambient stamping/imprinting conditions, stamp overlay and modest and uniform pressure applied 
to the stamp. The direct metal patterning nature of S4 provides further simplicity when compared 
to patterning with imprinted polymers, which must be further processed to pattern the underlying 
layer. 
 It is worth mentioning that along with S4, other direct write processes of metal deposition 
from an ionic conductor have been studied [22,23,24]. In these techniques an electric probe such 
as that used in an atomic force microscope is scribed across the electrolyte with metal depositing 
out as a result of the locally applied voltage. While nanoscale patterns can be formed with these 
processes, dimensional precision is challenging due to the stochastic nature grain growth. 
Moreover, the metal pattern, once created, is embedded in the electrolyte limiting the useful 
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applications. In contrast, the subtractive nature of S4 retains the original film morphology and is 
self-limiting in the case of thin films.  
 
1.3.1 Stamp Material 
 
 The choice of superionic conductor determines much of the process in S4. Though there 
are many types of superionic conductors, most cannot easily be used for metal patterning. Most 
common among metal cation conductors are materials which transport alkali metals. However, 
the highly reactive nature of the elements means that for practical purposes their use is limited to 
battery technology.  Two of the other systems rich in solid electrolytes are that of silver and 
copper. Because of its high conductivity and good plasmonic properties, current work with S4 
has mainly focused on creating silver nanostructures. With many superionic conductor materials 
to choose from, initial work with silver was limited to two materials: Ag2S and Cu2S. 
Silver sulfide, or Ag2S, was initially used to etch silver due to its relatively stable nature 
and significant ionic conductivity at room temperature. Electronically, silver sulfide is a 
polycrystalline mixed conductor. Below 177°C, it exists in the β phase with a significant amount 
of ionic conductivity [16]. In addition to being able to conduct silver ions the material also 
supports transport of Cu2+ ions since the small quantity of copper etched has sufficient time to 
diffuse to low concentrations within the stamp [25]. Physically, silver sulfide grows as a needle-
shaped, ductile material with hardness similar to that of lead. Familiar as common silver tarnish, 
it is not commonly available in large amounts but is relatively easy to fabricate. Traditionally for 
S4, cylindrical pellets are fabricated in a test tube by reaction of solid silver pellets with liquid 
sulfur at 400°C in a furnace. Upon heating, the silver reacts with the sulfur to form 
polycrystalline Ag2S as shown in Figure 5. Due to the high mobility of silver within Ag2S, silver 
diffuses towards through the pellet forming new Ag2S upon reaching fresh sulfur, both growing 
the Ag2S pellet and consuming the metallic Ag slug.  Due to the removal of silver from the Ag / 
Ag2S interface, this interface become highly porous, and must be removed from the pellet in 
subsequent processing.  
Copper sulfide is a poor ionic conductor at room temperature, but above 105°C it 
undergoes a phase transition and increases in conductivity by several orders of magnitude to an 
ionic conductivity of 10-1 S/cm [26]. In contrast to the soft nature of Ag2S, Cu2S is a brittle 
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material with a larger portion of copper sulfide pellets are made in a similar fashion by 
substituting silver pellets for copper ones. Due to the elevated temperatures required for S4 when 
using Cu2S and the difficulties in working with the brittle material, the majority of study has 
focused on using Ag2S to etch silver films. 
  
Figure 5. Schematic of silver sulfide pellet growth in a test tube. Left: A silver pellet is compressed with a 
spring against a glass tube filled with sulfur powder. The tube is then heated to 400°C for several hours. 
Right: At elevated temperatures the silver and sulfur react to form silver sulfide. Silver diffuses through the 
newly created silver sulfide to form more silver sulfide, growing the Ag2S pellet and consuming the silver 
pellet. 
 
1.3.2 Stamp Processing 
 
After generating a dense bulk pellet of superionic conductor (Ag2S), this bulk material is 
prepared to receive a pattern by creating a flat surface. The nature of S4 requires physical mating 
with the (thin) metal film and thus the contact surface must be free of debris as well as extremely 
smooth to avoid transferring the surface roughness of the stamp into the patterned film. Nonzero 
surface roughness also results in residual metal left in areas where complete etching is desired. 
The soft nature of silver sulfide makes mechanical polishing extremely difficult, since abrasive 
particles embed in the stamp material. To avoid this complication, pellets are first machined to a 
conical tip, and then cleanly cut with an ultramicrotome blade. While conventionally used for 
TEM sample sectioning, using an ultramicrotome benefits the S4 process by using a single 
crystal diamond or glass blade to cut the surface, leaving only few small streaks in the stamp 
surface due to defects in the blade edge and chattering. To avoid damaging the sensitive machine 
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and the expensive diamond blades, most stamps surfaces are prepared with diameters of less than 
1 mm. 
 
1.3.3 Stamp Patterning 
Subsequent patterning of the stamp can be done with either focused ion beam (FIB) 
milling or through an embossing process. FIB patterning benefits from the high resolutions 
possible with the technique and is often used for prototyping stamps. However, due to the 
extensive writing time and cost of use, embossing is more practical. Embossed stamps are made 
by using a hard mold of silicon, patterned by e-beam writing.  A stamp is pressed at 240 MPa, or 
greater than three times the yield strength of the stamp, causing significant plastic flow. Through 
the cost of e-beam writing exceeds that of FIB milling, the hard mold may be used hundreds of 
times without damaging the mold. 
 
1.3.4 S4 Tooling and Etching 
As seen in Figure 6, the basic S4 process can be performed with minimal expenditure at 
ambient conditions, in the case of Ag2S, or above 105°C with Cu2S. Only motion control of the 
vertical z axis is necessary, however additional degrees of freedom are useful to increase 
alignment of the stamp with the substrate. In the current setup, the z axis micrometer is preloaded 
with springs internal to the stage. Upon making contact of the stamp with the metal film, this 
preload is transferred to the stamp, providing a simple, nearly constant force as the micrometer is 
turned. Because the preload is applied by internal springs in the z-stage, the amount of force 
applied varies with the absolute position of the stage as seen in Figure 7. To mitigate the larger 
forces used in some positions of the z-stage, an external spring is sometimes used counteract the 
internal springs, reducing the preload.  
For manually driven z-stages this can be critical to allowing the stamp to make contact 
without accidentally applying enough force to plastically deform the stamp. In a more 
complicated setup, contact and pressure are regulated by force feedback, allowing various 
pressures to be applied. In many cases, the z-stage contains an elastic element to allow for some 
self-alignment of the tip-tilt degrees of freedom.  
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Figure 6. Image of S4 machine. The machine consists of primarily a z-axis stage, along with additional 
manual x, y, θ, and tip-tilt stages available.  
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Figure 7. Force-position curve for standard S4 machine. Additional curves are shown where an external 
spring has been added to reduce the preload. 
 
Electrical characterization of Ag2S stamps using linear sweep voltammetry (Figure 8a) 
with both reactive (Ag) and nonreactive (graphite) electrodes reveals a peak associated with the 
anodic dissolution of silver at ~200 mV. Higher voltages result in diffusion limited etching, with 
corresponding faster etch rates and higher levels of stamp polarization as seen by the initial peak 
and slow decline of the current profiles in Figure 8b. Typically 300 mV is used for etching silver 
films with Ag2S stamps due to accelerated stamp decomposition at higher voltages [27]. After a 
few etches at this voltage the stamp reaches a steady etch rate up to 4 nm/s for amorphous silver 
films (Figure 9). Ideally with spatially uniform etching the end of the process is signaled by a 
large current drop. However, if some locations of the stamp deplete their local supply of silver 
before others—due to unevenness of the stamp surface or poor alignment of the stamp with the 
substrate—the characteristic drop in current is less well defined.  
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Figure 8. Electrical characterization of S4 process. (a) Linear sweep voltammetry reveals a current peak near 
200 mV due to onset of dissolution of Ag metal electrode. (b) Chronoamperometry plot showing increased 
etch rates for increasing voltage. (c) Repeated etching shows an initial break-in period of stamp as it is 
polarized in the first few uses, followed by a steady etch profile [28]. 
 
 
 
Figure 9. Stable etch rates of amorphous silver for broken-in Ag2S stamps [28]. 
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1.3.5 Example S4 Nanostructures 
S4 patterning quickly achieved high resolution patterning of thin films. Ag2S stamps 
proved patternable by FIB milling without deleterious effects from gallium contamination. 
Figure 10a demonstrates the patterning of a Ag2S stamp through this method, and the resulting 
features are shown reproduced in an evaporated, 250 nm thick Ag film with 10 nm Cr adhesion 
layer deposited on glass. From the sharp corners of the acute triangles and well defined letters it 
is clear that S4 possesses good nanoscale resolution. Resolution is high enough, as is seen in 
Figure 10c-d, that nanoscale scratches and roughness on the stamp surface are reproduced at 
some level in the patterned silver [28].  
 
 
Figure 10. SEM of Ag2S stamp and etched films. (a) FIB patterned Ag2S stamp including acute triangles with 
15°, 30°, 45°, and 60° angles. (b-d) S4 etched 250nm thick evaporated silver film with 10 nm Cr adhesion 
layer on glass. Letters have line with of 200 nm, making their aspect ratio greater than 1 [28]. 
 
Alternatively to the direct writing of stamp features with FIB, Kumar et al. have utilized the soft 
nature of Ag2S to perform embossing against a silicon master mold. Bowtie antennae structures 
with features below 10 nm were replicated with S4 (Figure 11) and embossing effects such as 
elastic recovery were characterized [29]. 
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Figure 11. High resolution capability of S4. (a) Silicon mold with original pattern. (b) Ag2S stamp after 
embossing into Si mold. (c) S4 patterned silver bowtie antennae with <10 nm gaps [29]. 
 
 Current Bottlenecks and Possible Solutions 1.4
 
Progress with solid state superionic stamping has reached the point where process scale 
and reliability become the main areas of research. In early stages of the process, stamp diameters 
ranged from less than 300 microns to approximately 1000 microns, and the process took 2.5-5 
minutes to etch 300 nm. Envisioning a whole-wafer S4 process would require greater than 
70,000 pounds embossing force on a 4” wafer, making a step and repeat methodology much 
more practical. However, given the current size limitation of the stamp and patterning time, 
patterning a single 4 inch wafer with such a step and repeat process would still take more than a 
week to complete. Therefore, simply on the etching side of the process, the size of the stamp 
needs to be increased considerably as well as the etching rate. With process throughput in mind, 
an increase in the stamp diameter to 5-10 mm would cut the single wafer processing from weeks 
to hours. Moreover, a modest improvement in etching rate to 8 nm/s would result in a process 
that could be completed in under an hour.  
This thesis therefore covers several attempts to improve upon the S4 technology by 
overcoming several issues related to the generation and use of stamps greater than 1 mm in 
diameter, along with the development of stamp materials easily scaled to larger dimensions. Due 
to the extreme requirement on low surface roughness and high level of flatness needed for S4, 
stamp surface preparation is paramount to successfully. In addition, porous anodized aluminum 
films are used to create regular sub-100 nm dots to use as a high resolution master mold. 
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 Chapter 2:  Extension of S4 with Silver Sulfide 
 
Recently Kumar et al. have shown a proof of concept for large area patterning using 6mm 
Ag2S disks with micron scale gratings [29]. Along with the previously characterized process 
parameters of Ag2S, these results make further attempts at creating large area stamps out of Ag2S 
appealing. These stamps were prepared similarly to the earlier, smaller scale stamps, and in this 
chapter both the advantages and disadvantages of this technique are explored. Moreover, 
additional methods of preparing Ag2S are examined with the aim being to benefit from the 
previously characterized properties of Ag2S.  
 
 S4 Stamp Physical Requirements 2.1
 
The stamping process places some rigid requirements on the stamp material in order 
produce good results. As previously mentioned, high fidelity of the etched pattern to the surface 
of the stamp means that the surface roughness must be significantly smaller than the features to 
be reproduced to keep a high pattern geometry to noise ratio. When patterning 100 nm lines, for 
example, a scratch on the stamp of 50 nm will show up as an intersecting line possibly shorting 
two adjacent wires.  
Early work with Ag2S prepared flat surface by using a diamond microtome (Leica Em 
UC6). Typically used for thin transmission electron microscopy (TEM) sectioning, the machine 
uses a gem quality diamond blade that has been polished flat to cut very smooth sections of 
samples. Since cuts with a diamond blade leave no dust or other contamination behind, this 
machining method produces a very clean, smooth surface without large machining marks other 
bulk processes produce. While the edge sharpness of the diamond blade is very robust, the blade 
will accumulate small nicks with use. These nicks, along with occasional chatter of the blade 
when cutting produce imperfections in the stamp surface which show up as positive relief lines. 
While the surface prepared by a new diamond blade is excellent, the use of single crystal 
diamond blades limits the ability of the process to scale beyond a few millimeters. Typical blades 
cost in the range of $2000-4000 for 3-8 mm wide cutting surface. To mitigate the effect of 
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accumulating nicks in the diamond blade, samples are typically less than one third the diameter 
of the blade so that a section free of nicks can be found. This common practice to extend the 
useable life of the blade limits stamps to no more than 3 mm in diameter. Alternatively, cheap 
wide (at least 10 mm) glass blades can be made through a cleaving process. Though these are 
easy to fabricate, they end up not producing straight cutting surfaces. Their use is limited to 
smaller stamps which fit in the suitably straight section of the blade. 
Alternatively generating the initial flat stamp surface with the required smoothness with 
mechanical polishing of Ag2S is quite difficult. Typical polishing leaves scratches on the surface 
proportional to the size of the abrasive used [30]. Thus to achieve near the surface roughness 
desired requires the use of the smallest possible abrasive, typically 50 nm alumina or diamond. 
However, the high hardness of these abrasives makes them embed in the stamp material. Beyond 
causing defects in an imprinted pattern, these particles inhibit the downward progression of the 
stamp as silver is removed.  
Aside from the generation of the actual stamp surface, the geometry of the stamp, namely 
width to thickness needs to change to be effective at large areas. Initial stamp pellets were 
created 3 mm diameter x 5-10 mm length. Ideally, however, the stamp material would only be 
thick enough to allow S4 to proceed, without wasting the superionic conductor. For larger, 10 
mm diameter stamps, the material thickness need not be greater than 10mm since a thinner stamp 
would suffice. On the opposite end of the spectrum, the stamp material cannot be extremely thin 
such as a few microns. In this case as material is etched from the substrate, metal is deposited on 
the back of the stamp. At high fields the metal deposition is directed creating a metal dendrite 
that eventually shorts out the stamp [31]. 
Considering the desired final shape of an Ag2S stamp—a large area, relatively thin pellet 
with an extremely smooth and flat patterning surface—several methods for stamp fabrication 
have been examined. In one approach, pellets of Ag2S are manipulated into a rough shape 
through traditional machining operations. Alternatively, chemical and micro-manufacturing 
methods are used to create thin films of Ag2S with the goal of arriving at a smooth surface 
without polishing or the use of a microtome. 
  
 
 
18 
 
 
 Bulk Fabrication and Machining 2.2
 
Bulk fabrication of silver sulfide for 3 mm pellets has already been described in the 
introduction and is shown in Figure 4. An expansion of the process easily scales to 6 mm pellets, 
though the thickness of the pellet remains fixed. In fact, a few experiments have been carried out 
where a 20 mm pellet was created by scaling the same design.  Figure 12 shows that at such large 
scales the growth of silver sulfide into the tube is not uniform and it hinders the creation of 
cylindrical pellet. While this pellet is still usable, it is a waste of silver since most of the pellet 
needs to be trimmed to produce bearing surfaces.  
 
 
Figure 12. Large Ag2S pellet grown in attempt to make large area stamps. Sulfur rich side is very uneven and 
the center of the pellet is only about 2 mm thick. Pellet courtesy of Anil Kumar. 
Machining of silver sulfide is not difficult, and trimming the material on a metal lathe is 
common to produce conical tips. However, because the material is so soft it is difficult to get a 
good finish. Even a single point diamond turned sample, which in optics can make glass lenses to 
extreme precision with low roughness, is not entirely effective at producing a smooth surface.  
Though the material appears ductile, it is actually prone to failure by grain separation. This 
was tested by repeatedly putting pellets of Ag2S through a mechanical roller in order to increase 
the surface area of individual pellets. Due to the growth mechanism of the silver sulfide, pellets 
consist of dendritic grains oriented parallel to the cylinder’s axis. Pellets rolled in any direction 
perpendicular to the grain axes broke apart after only a few rolling operations, whereas, as shown 
in Figure 13, the pellet significantly deformed when the application of force is such that grains 
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are forced to elongate, but not to separate from one another. This method of elongation was 
effective at flattening 3 mm diameter pellets down to 250 microns in thickness.  
 
Figure 13. Ag2S cylinders rolled in the axial direction flattened the material without grain separation. Top: 
Example of a cylinder before rolling. Bottom: Ag2S after rolling is remains intact with limited splitting. 
In a similar manner, the partially ductile nature of Ag2S was used to convert long, 3 mm or 
6 mm pellets into thinner, wider pellets of up to 12 mm diameter using closed die forming. Each 
long pellet was first placed into a cylindrical die 0.5 mm greater in diameter than the pellet, with 
a pin applying several times the yield strength to compress the pellet into the shape of the die 
shown in Figure 14. This process is repeated up to 6 mm, after which the dies increase in 1mm 
increments to a final diameter of 12 mm shown in Figure 15. Crucial to this process is the closed 
nature of the die during deformation. In an open compression test there is only slight plastic 
deformation before grain separation can clearly be seen. Pellets deformed in closed dies 
remained dense and, given that the large surface could be made flat and properly patterned, were 
found to work well in S4, actually having slightly faster etch rates. 
 
 
Figure 14. Ag2S pressed in sequentially larger closed dies alters the aspect ratio of the cylinders to be more 
favorable towards large area S4 patterning. 
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Figure 15. Ag2S deformed to change aspect ratio. Right: Original 3mm diameter Ag2S pellets. Middle: Larger 
pellets grown with 6mm diameter. Left: Pellet deformed with die set to 12mm diameter. 
 Overall, closed die forming of pellets was the most effective method found to convert tall 
narrow cylinders into a film/plate geometry. The fundamental limit on this process is the volume 
of the initial cylinder. When starting with 3 mm diameter Ag2S pellets, there simply was not 
enough material to make reasonably thick 12 mm pellets; 6 mm diameter pellets of the same 
length quadrupled the final thickness of the pressed pellets while requiring fewer forming steps.  
 Electro-deposition 2.3
 
An alternative method was also explored to produce sheets of silver sulfide that could be 
used either in S4 or as a target source for other film formation techniques. Silver metal naturally 
forms silver sulfide as a tarnish layer, using sulfur from the environment in a manner similar to 
the rusting of iron or steel. It is possible to drive this reaction using an applied voltage similar to 
the anodization of aluminum. Silver foil, 99.9% pure, was anodized in an alkaline solution of 
0.01 M Na2S with NaOH added to maintain a pH greater than 12, where SH- ions are 
predominate [32]. Equation 4 shows the overall reaction to form silver sulfide. In this reaction, 
Ag+ ions are consumed on the interface with the sulfur solution. However, since Ag+ is mobile 
within Ag2S, silver metal can oxidize and migrate through the newly formed Ag2S to continue 
the reaction even when the Ag2S grows thick (Figure 16).  
 2 	  	  →  	  	 2 (4) 
 
 
Figure 16. Anodization process to produce Ag2S films. Left: High pH sulfur solution reacts with silver metal 
to form Ag2S. Right: Silver oxidizes to Ag+ and migrates to solutions surface forming more Ag2S. 
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Figure 17. Anodized silver in sulfur solution produces Ag2S 
 
A preliminary experiment using a silver wire (Figure 17) showed the potential of the process to 
produce thick Ag2S films. Further experiments were carried out with silver foil.  
 Constant current deposition of Ag2S was carried out at 2 mA to examine the feasibility of 
depositing a thick film of Ag2S. The current was monitored for changes the deposition. Initially 
the voltage required to deposit at a rate of 2 mA was low, indicating a simple electrochemical 
reaction. However, after 80 minutes the voltage increases indicating that another process is 
taking place. During the creation of Ag2S silver is removed from the electrode leaving voids 
behind. As deposition continues the voids coalesce into a highly porous region between the silver 
and Ag2S films. Eventually the Ag2S film loses good electrical contact with the electrode and 
higher voltages are needed to sustain constant current. A result of this phenomenon is that the 
newly created Ag2S film is very poorly adhered to the original silver electrode and the two can 
be easily peeled apart. Films were typically made 60 microns thick, however, by extending 
deposition time it was possible to convert essentially all of the 125 micron thick silver foil into a 
~180 micron thick Ag2S film shown in Figure 18, with only very thin, non-continuous patches of 
silver foil remaining. The film consists of columnar grains and when stressed fails along the 
grain boundaries making the film itself brittle despite the soft nature of Ag2S.  
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Figure 18. Thick Ag2S film created using electrodeposition. 
The process for producing bulk Ag2S films adds material in the surface normal direction. 
As such, deposition of thick films both small and large in area requires an equal amount of time 
with large area films only requiring a larger current. To facilitate making Ag2S films both for the 
S4 process as well as use as sputtering targets, the initial deposition setup was augmented to 
produce 80 mm disks of Ag2S. To achieve this, 100 mm by 100 mm 99.9% silver films were cut 
into a circular shape with a tab to use for electrical connections. An inert plastic mask was made 
to expose only one side of the silver to solution, using a rubber sheet as a gasket shown in Figure 
19a. Figure 19b shows a large area Ag2S sputtering target made with this mask. 
 
Figure 19. Ag2S deposition mask and film. Left: Mask for forming 80mm Ag2S films. Right: Large Ag2S film. 
a) b) 
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 Ultimately the bulk surface of usable stamp material must be dense, free of 
contamination, low in roughness, and conductive. A set of experiments were done to determine 
whether the deposition rate for Ag2S impacts its quality in these regards. Three samples were 
deposited at deposition rates of 0.2 mA/cm2, 2 mA/cm2, and 20 mA/cm2. Figure 20 shows the 
silver side of the film to be highly porous, supporting the conclusion that the ultimate limitation 
on the film thickness of this technique is due to increasingly poor contact with the silver source 
electrode. X-ray diffraction using a Philips X’pert XRD was used to confirm that the film 
consists of crystalline Ag2S and that metallic silver was no longer present with results shown in 
Figure 21. Due to the highly porous nature of the silver-facing side of the film, it is not a 
candidate for use in S4. 
 
Figure 20. Cross section of silver electrode side of electrochemically deposited Ag2S film. Films were 
deposited at a-c were deposited at 0.2 mA/cm2, 2 mA/cm2, and 20 mA/cm2 respectively. 
 The sulfur solution facing side of the film shows more promise. XRD analysis of the film 
confirms that this side of the material is also Ag2S. Moreover, the surface deposition in this 
growth process results in oriented columnar grains as is exhibited by the especially strong 
diffraction peak of (-104) crystal planes. Scanning electron micrograph cross sections of the 
solution facing side of the film shown in Figure 22 show that this side of the film is not porous, 
though there is some contrast the source of which is unknown. From different deposition rates it 
appears that the level of contamination on this side decreases with increasing deposition rate.  
a) b) 
c) 
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It is also apparent that the surface is not smooth. Angled images shown in Figure 23 show 
the high surface roughness associated with the different films. Crystal facets are visible in all 
films, with the strongest faceting occurring on the films deposited at the slowest rate. 
Conversely, the films deposited at fast rates show lower surface height variation. Overall, all 
have height variation on the order of a few microns, requiring significant material flow to 
attempt to flatten. 
 
  
 
Figure 21. XRD 2θ-ω scan of electrochemically deposited Ag2S plotted along with diffraction lines associated 
with Ag2S. a) Sulfur solution side of film. The large (-104) peak indicates that crystals are preferentially 
oriented normal to that plane. b) Silver electrode side of film. Diffraction scan also confirms presence of Ag2S 
and the lack of silver. This porous region shows less uniform crystal orientation. 
 
a) 
b) 
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Figure 22. Cross section of sulfur solution side of electrochemically deposited Ag2S film. Films were deposited 
at a-c were deposited at 0.2 mA/cm2, 2 mA/cm2, and 20 mA/cm2 respectively.  
 
 
Figure 23. SEM showing surface roughness of electrochemically deposited Ag2S. Films were deposited at a-c 
were deposited at 0.2 mA/cm2, 2 mA/cm2, and 20 mA/cm2 respectively.  
 
a) b) 
c) 
a) b) 
c) 
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 Though the film is likely too rough to be patterned with high resolution features, a simple 
S4 experiment was carried out to test the ionic properties of the material (Figure 24). A small 
section of Ag2S was cut from the larger film and adhered to a sample holder with conductive 
copper tape with the cleaner sulfur side facing outwards. Traditional S4 etching was attempted 
with this film on silver. Though this test if far from conclusive, it appears that after some time 
the Ag2S film shorts out, likely due to silver dendrites formed during the process. Between the 
rough surface and shorting of these film, electrochemically deposited Ag2S are not well suited 
for direct use in S4. 
 
Figure 24. Thin Ag2S film used for S4. The film displays both switching and shorting behavior where the 
current increases by 103. This is likely characteristic of thin films where silver deposits on the back of the 
stamp forming dendrites. Inset: film attached to holder. 
 
 Though electrochemically grown Ag2S films are too rough to be used effectively for 
nanoscale patterning directly, it is still possible that the film surface could be modified to make 
useful for S4. One method explored for producing a flat and smooth surface was to mechanically 
deform the film against a smooth surface with the intent to reduce surface roughness. An 
experiment was carried out on a die press heated to 200°C in which a thin film of Ag2S was 
pressed at 2σys between silicon wafers. Figure 25 a and b show atomic force microscopy images 
of the silver sulfide surface before pressing with height variations of several microns, similar to 
the roughness seen in the previous scanning electron microscope images. After pressing the 
surface appears much smoother with smooth areas having an rms roughness of only 2.26 nm, but 
as seen in Figure 26a it is clear that only the peaks of the rough surface have been flattened, and 
that the valleys have transformed into voids in the otherwise smooth surface. Figure 26b shows 
an optical image of the surface with the dark areas corresponding to voids. Since the voids 
Switching/Shorting behavior 
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remain microns across and are distributed in a roughly uniform manner on the surface, there are 
no large, smooth areas available for S4 patterning.  
 
Figure 25. AFM scan of electrochemically grown Ag2S surface. a) 3D view of surface. b) Cross sectional 
analysis of scan showing greater than 2 microns of height variation in a 15 micron wide area. 
 
Figure 26. Images of Ag2S film after pressing to 2σys. a) AFM roughness analysis of flattened area shows only 
2.26 nm rms roughness though these areas are interspersed with large voids. b) Optical image of surface 
showing presence of voids distributed across entire film. 
  To further test the ability of these thin films of Ag2S to be used for S4, a 200 micron thick 
film was adhered to an aluminum SEM mounting stub with conductive silver epoxy. The sample 
was then machined with a lathe to produce a 1 mm diameter round, thin stamp. This stamp was 
then conventionally prepared with using microtomy and patterned by embossing. Figure 27 
shows an SEM image of the prepared stamp, with the inset a close up image of the conductive 
epoxy. S4 etching with this stamp proved moderately successful for the first etching. However, 
a) b) 
b) a) 
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the thin film stamp displayed increased residual silver compared to normal stamps (Figure 28). 
In fact, during only the 4th repetition of the S4 process the stamp shorted resulting in sustained 
current of several milliamps.  
 
 
Figure 27. Thin film Ag2S attached to aluminum mount and machined to 1 mm diameter.  Inset: A magnified 
view of the conductive silver epoxy used to bond Ag2S to aluminum. 
 
 
Figure 28.   Silver films etched with thin film stamp. Images a, b and c correspond to the first, second, and 
third repetitions of the etching. In this case the stamp degrades more quickly than with bulk Ag2S stamps. 
 
a) 
 
b) c) 
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Due to the patterned surface’s close proximity of the back of the stamp, directed silver 
dendrite formation is expected to limit the lifetime of thin stamps. As evidenced by the above 
experiment, stamp lifetime can be as few as three S4 etching cycles for a film 200 microns thick. 
To avoid dendrite formation, an attempt was made to prevent silver deposition on the back of the 
stamp by including a purely ionic conductor. For this experiment a thin Ag2S film was adhered 
to a holder with a hole in the center that contained 0.01 M AgNO3 solution in dimethyl 
sulphoxide (DMSO) with a platinum electrode. In theory, the ionic current travelling through the 
stamp would continue into the liquid solution before depositing on the Pt wire. However, the 
pressure applied at edge of the stamp failed to translate to the unsupported center, resulting in 
Figure 29 where there was insufficient contact to allow etching in the central portion of the 
stamp. Almost by design, thin stamps lack the ability to transfer pressure applied at the edge of 
the stamp to the center. Therefore, further design with a liquid-backed thin stamp will require 
that the liquid be pressurized in order to make conformal contact with the substrate. 
 
 
Figure 29. S4 etched silver film using liquid-backed stamp. Center circle represents unsupported region of 
the stamp where etching failed to take place. 
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 Sputtering 2.4
 
Initial attempts to develop a facile process for scalable Ag2S S4 stamps using 
electrochemical deposition met challenges due to the roughness generated by preferential Ag2S 
crystal growth. In an attempt to avoid growing large grains of Ag2S, vacuum direct deposition 
techniques were examined. Though Ag2S cannot be evaporated, sputtering the material is still 
possible. The films generated by electrochemical deposition work well to generate the necessary 
sputtering target, though a target can also be made by rolling smaller crystals into flat strips. 
Using a flat silicon substrate it is possible to deposit a film of Ag2S via sputtering that is both 
free of contamination and smooth. 
Early attempts to sputter Ag2S used a DC biased Denton Vacuum Desk II turbo sputter 
coater. In this setup there is an applied bias to the source target. The target itself needs to be 
electrically conducting, since sputtering electrons need to be drained. Though sputtering itself 
was successful, the sputtering rate was less than 3 nanometers per minute, too low to make the 
thick films needed to avoid shorting in S4. Moreover, Figure 30 shows that there is a significant 
damage in the sputter target due to the applied field, which actually serves to pull silver towards 
the sputtering surface altering the stoichiometry of further sputtered material. 
 
 
Figure 30. DC sputtering target made from many small Ag2S cylinders rolled flat. Sputtering pulls silver to 
the surface forming a black ring as opposed to the edges which are protected during use and retain the 
original color of Ag2S. 
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 RF Sputtering 2.5
 
To avoid the polarization of the Ag2S target during sputtering, further experiments were 
carried out using RF sputtering done with a Cooke sputter coater. RF sputtering does not rely on 
a DC current across the target should not polarize the stamp during deposition. A test was 
conducted at 200 W for 16 minutes and should have deposited several microns of Ag2S onto 
glass. Figure 31 shows optical images of the sample which show the presence of many large 
particles on the surface. Further SEM analysis shown in Figure 32 shows a uniform thin film 
with protrusions about 15 microns tall growing from the film. Quantitative Energy dispersive 
spectroscopy analysis shows that the base film matches the stoichiometry for Ag2S. The film 
remains granular with a grain size of 400 nm and has a roughness of Ra = 25 nm, which is much 
better than that of the sputtering target. However, the actual film thickness is much thinner than 
nominal, 600-800 nm instead of ~7 microns. Regardless, the deposition rate of over 
40nm/minute is much higher than with DC sputtering. Figure 34 shows that the particles grow 
out of the thin film and EDS analysis of the particles reveals that they are much more silver rich, 
with a silver to sulfur ratio of over 7:1.  
 
 
Figure 31. Optical images of RF sputtered film. Left: An angled image of the film on a 25 mm glass square 
showing the haze caused by high levels of surface particles. Right: Optical microscope image showing 
particles dispersed across the film. 
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Figure 32. SEM micrographs of particles on Ag2S film sputtered at 200 W. a) Particles are dispersed across 
entire film. b) Each particle is close to 15 microns tall, more than double the nominal film thickness. c) The 
tip of the particles is composed of small spherical grains. d) The base of each particle is composed of 
columnar grains.  
Though not fully explored, the high silver content may be due to accidental breakthrough 
of the Ag2S sputtering target to underlying original silver electrode. Excess silver deposited onto 
the silver sulfide film was mobile enough to migrate to silver sulfide particles on the film which 
would have higher electric field gradients. Due to the possibility of nonstoichiometric deposition, 
further sputtering attempts were carried out with the silver electrode removed from the target, 
and targets were examined after sputtering to determine if they had had any holes.  
a) 
15µm 
d) 
b) 
c) 
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Figure 33. Ag2S film RF sputtered at 200 W. Left: Close-up image of film microstructure. Grains are several 
hundred nanometers in size and surface is faceted. Right: Broken particles reveal film to have columnar 
grain structure with an overall film thickness to be less than 1 micron. 
 
  
Figure 34. Quantitative EDS of Ag2S samples.  
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 Chapter 3:  Glass Stamps 
 
  Introduction 3.1
 
There are challenges to increasing process rates, stamp life, and stamped area using Ag2S 
based stamps. In previous works, where flat stamp surfaces were prepared by microtome cutting, 
the process could only reliably accommodate stamps with cross-sectional diameters up to a few 
hundred microns. At larger sizes, the surfaces produced were not sufficiently flat and defect free 
for use in the stamping process. Attempts to make flat surfaces by polishing Ag2S have been 
unsuccessful due to the very low hardness of the material, which causes the stamp surfaces to be 
embedded with abrasive particles, rendering the stamp surfaces produced this way unsuitable for 
high resolution patterning. In addition, economical stamp patterning was also challenging in 
these studies. Focused ion beam milling was used to create the nanopatterns in these stamps due 
to high resolution possible, even though this method does not easily scale up for large area 
patterning. Work with mechanical imprinting has, to some extent, relaxed the limitations on 
stamp size. Relying instead upon a single hard master mold from which many stamps can be 
produced, this method also becomes difficult to implement on a scale larger than a few 
millimeters, since the force required for plastic deformation becomes quite large. Further, the 
elastic recovery on the stamp surfaces after embossing often distorts the flat geometry of the 
stamp, especially in proximity to the embossed features. 
 Given that all the challenges described above are particular to the stamp material (Ag2S 
and Cu2S), and the strong motivation of emerging applications, it is necessary to explore other 
ionic conductors that have the potential to improve the S4 process’s ability to pattern silver. As 
an improvement on the scalability for stamp manufacturing, we propose and characterize the 
ability of a low temperature, moldable, transparent glassy electrolyte, AgI-AgPO3, for use in 
nanopatterning silver films.  
Section 2 discusses different possible silver ion conductors that could be used for 
patterning silver and the justification for choosing AgI-AgPO3 as an appropriate electrolyte for 
S4. Section 3 describes the methods for making micro- and nano-patterned stamps of this 
mixture and demonstrates the use of the stamps in the S4 process for high-resolution as well as 
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large-area patterning. Section 4 describes the patterning results obtained and examines the 
electrochemical characteristics of the process. 
 
 Solid Ionic Conductors for Silver 3.2
 
To create better stamps and expand S4 capabilities, it is imperative to select a different 
superionic conducting stamp material based on desirable characteristics for the S4. Specifically, 
by selecting a stable stamp material with a low melting point, not only does fabrication of stamps 
by hot embossing/forming and nanoimprint become possible, but it also removes the need for the 
high forces involved in mechanical imprinting [4,33,34]. 
Many solid silver ion conductors are based on silver iodide (AgI), which has a low ionic 
conductivity below 146°C but undergoes a transition to a high conductivity α-phase above this 
temperature [35]. Though silver iodide itself is not a suitable room temperature stamp material, 
compounds made with it can have similarly high ionic conductivity while remaining conductive 
at room temperature.   
The highest room-temperature ionic conductors are based on addition of alkali metal 
elements. Examples include RbAg4I5 and KAg4I5, both with conductivities of 1.2x10-1 Ω-1-cm-1 
at room temperature [35]. RbAg4I5 has the advantage that in can be thermally evaporated into 
thin films. However, RbAg4I5 is thermodynamically unstable below 27°C, and members of this 
family of conductors decompose in a matter of hours in laboratory conditions when exposed to 
moisture or iodine, making them unsuitable for ambient processes in a manufacturing 
environment [35].  
Other ionic conductors include mixtures of silver iodide with silver oxyacid salts such as 
Ag7I4PO4, Ag19I15P2O7 and Ag6I4WO4, with conductivities as high as 1.9x10-2 Ω-1-cm-1, 9.0x10-2 
Ω
-1
-cm-1, and 4.7x10-2 Ω-1-cm-1 respectively [35]. In particular, these types of ionic conductors 
are much more stable in the presence of moisture, and do not contain toxic elements such as 
mercury, arsenic, or cyanide. In addition to their high conductivity, these materials are easier to 
melt-process, forming eutectic mixtures with much lower melting points than that of silver iodide 
alone. Mixtures of AgI and Ag4P2O7 produce a eutectic point of 58°C, though this eutectic is not 
at the peak ionic conductivity. Mixtures of AgI and Ag3PO4 or Ag6I4WO4 yield highly 
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conductive eutectic mixtures with melting points of 225°C and 290°C and could have some use 
in the S4 process. 
In contrast to the other materials mentioned, silver metaphosphate (AgPO3) forms a 
stable, clear glass with a glass transition temperature of 200°C. Though the intrinsic ionic 
conductivity of silver metaphosphate is only 10-5-10-7 Ω-1-cm-1, addition of silver iodide 
increases the ionic conductivity significantly at high concentrations of AgI while remaining 
amorphous [35,36,37,38,39,40]. Moreover, the linear, polymeric nature of the metaphosphate 
bonds is broken up with the addition of AgI, leading to a decrease in glass transition temperature 
with increasing AgI concentration, reaching as low as 80°C.  
The very low glass transition temperature and high conductivity of (AgI)x-(AgPO3)1-x 
make it the most promising material for use in S4. Even with the addition of silver iodide, the 
glass remains transparent with a gradually increasing yellow tint. The transparency of the 
conductive glass allows high resolution optical alignment of nanostructured features through the 
use of moiré patterns [41]. Unlike the mixed conduction seen in Ag2S and Cu2S, metaphosphate 
glass remains a pure ionic conductor, simplifying the analysis of charge transfer during the 
etching/patterning process. This chapter examines various aspects of (AgI)x(AgPO3)1-x glass 
fabrication, its application in large stamps for the S4 process, and analysis of the etching 
characteristics of this material. The wide variety of glass forming and glass modifying materials 
available for generating silver glasses opens the possibility of future refinement of this material 
for the S4 process. 
 
 Materials and Methods 3.3
 
3.3.1 Electrolyte Preparation 
 
Glassy (AgI)x-(AgPO3)1-x was prepared from AgI, AgNO3, and (NH4)2HPO4 reagents 
similar to well documented processes [39,40,42]. Silver nitrate and diammonium hydrogen 
phosphate were heated to 600°C in an alumina crucible in a fume hood until the mixture finished 
evolving H2O, NH3, and NO2 gasses. Then the material was heated to 700°C for 3 hours, before 
being quenched between aluminum plates. The resulting glass shown in Figure 35a was crushed, 
mixed with AgI, and again heated to 700°C for 16-48 hours in a covered alumina crucible before 
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being quenched again. The final glass is transparent yellow with embedded small white particles 
shown in Figure 36. Due to the use of alumina crucibles, the composition of these particles is not 
completely clear, as the particles may be shed from the crucible or be due to partial 
crystallization of part of the glass melt. 
 
Figure 35. Photographs of synthesized phosphate glasses demonstrating optical clarity. a) Clear AgPO3 glass 
after quenching. b) (AgI)x(AgPO3)1-x glass varying from near colorless to yellow with x= 0.25, 0.35, and 0.45 
(top to bottom respectively). 
 
Figure 36. Small particles embedded within AgIAgPO3 glass 
To study the quality of the synthesized (AgI)x(AgPO3)1-x, glass mixtures were prepared 
with x=0.25, 0.35 and 0.45. During the final melting step, samples of each composition were 
held for 16, 24 and 48 hours to assess the effect on embedded particle concentration. It was 
found that in all cases the longer melting time resulted in fewer embedded particles.  
A Philips X’pert XRD machine was used to determine the crystalline/amorphous nature 
of the samples with the resulting 2θ-ω scans shown in Figure 37, Figure 38, and Figure 39. 
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Figure 37. X-ray diffraction 2θ-ω scans of glass of composition x= 0.25, 0.35, 0.45 kept at 700°C for 16 hours. 
 
Figure 38. X-ray diffraction 2θ-ω scans of glass of composition x= 0.25, 0.35, 0.45 kept at 700°C for 24 hours. 
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Figure 39. X-ray diffraction 2θ-ω scans of glass of composition x= 0.25, 0.35, 0.45 kept at 700°C for 48 hours. 
All scans have few total counts and lack the strong narrow peaks that would correspond 
to a strongly crystalline morphology. Instead the plots mainly consist of a broad low peak 
centered on 31°, characteristic of an amorphous sample. There are a few small peaks that vary 
from sample to sample that partially match with crystalline AgI indicating that the mixture of 
AgI and AgPO3 can be inhomogeneous. 
The conductivity of the samples was determined with electro-impedance spectroscopy 
conducted on a Gamry Reference 600 potentiostat with graphite electrodes and an excitation 
voltage of 50mV. Impedance spectra were fitted to a circuit model consisting of dual series 
connected RC elements connected with Warburg resistance added to account for low frequency 
diffusion behavior shown in Figure 40. Though there is noise at low frequencies, Figure 41, it is 
the higher frequency RC element whose resistance value that corresponds to the bulk resistivity 
of the material. 
 
Figure 40. Equivalent circuit model for glass conductivity measurements. 
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Figure 41. Example of electroimpedence spectrum and associated equivalent circuit fit. 
Plotting the conductivity measurements in Figure 42 along with those reported in 
literature shows that the glass does fit with the expected values. Moreover, glass held at high 
temperature for extended periods, has a lower conductivity compared to nominally similarly 
composed glass held molten for short periods. An observation of the glass during melting shows 
that if the crucible lid is lifted purple iodine vapor can be seen escaping, the effect of which is to 
change the composition of the glass away from its nominal value.  
Overall the x=0.45 sample had the lowest glass transition temperature and highest 
conductivity of those measured. To ease fabrication of S4 stamps with the glass, subsequent 
stamps were made using an x=0.50 formulation of the glass which has a slightly lower glass 
transition temperature as well as higher conductivity. 
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Figure 42. Conductivity of AgIx(AgPO3)(1-x) compositions synthesized with the conductivities of those reported 
in literature [36,37,38,39,43,44]. 
 
3.3.2 Forming the Electrolyte into Small Stamps 
 
The process for making AgI-AgPO3 stamps with diameters ranging from 300-1000 
microns is shown in Figure 43. First, the glass is crushed into a powder and deposited in a blunt 
stainless steel needle. The needle is then heated above the glass transition temperature to make a 
glass plug. With minimal air pressure this plug is moved to the tip where it creates a 
hemispherical protrusion. Subsequent cooling of the glass maintains this shape. The next step is 
to heat a silicon master mold to greater than 80°C, above the glass temperature of the stamp 
material. The needle is then brought down onto the surface, melting and flattening the glass, 
imprinting nanoscale features on the surface. Finally, the substrate is cooled at a rate of 1°C/min 
to 70°C before being demolded by lifting the stamp and separating it from the mold. 
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Figure 43. Small S4 stamp-making process. a) AgIAgPO3 glass fills a needle and is heated until the glass 
forms a hemispherical tip. b) The unfinished stamp is pressed against a heated master mold and cooled slowly 
below the glass transition temperature. The stamp is then removed from the mold leaving an impression on 
the glass. c) Pressing the stamp against a silver film and applying 100-400 mV etches the stamp pattern into 
the film. 
 
3.3.3 Forming Large-Area stamps 
 
Large-area stamps, with diameters of several millimeters, were made by nanoimprinting. 
These stamps were formed using PDMS replica molds of a silicon master pattern. The silicon 
pattern was coated with a nonstick coating of tridecafluoro-1,1,2,2-tetrahydrooctyltrichlorosilane 
(FOTS) using vapor deposition. Next, a 10:1 ratio of PDMS was cast over the silicon master. 
Upon removing the silicon pattern the PDMS mold was also treated with FOTS. The AgI-AgPO3 
stamp material was then molded in the PDMS mold at 175°C for 25 minutes in an oven. A small 
weight was applied on the glass to promote full surface contact with the PDMS mold. 
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3.3.4 Substrate Preparation 
 
Silver films for metal patterning were prepared on clean silicon wafers or glass cover 
slides that were first cleaned with a fresh 5:1:1 solution of deionized water, hydrogen peroxide, 
and ammonium hydroxide at 70°C for 10 minutes. Silver was then deposited 30-300 nm thick by 
electron beam evaporation (Temescal e-beam evaporator) using a thin layer of Ti or Cr for 
adhesion. 
 
3.3.5 S4 Patterning of Silver Films 
 
For patterning of silver, the stamp must be in physical contact with the silver film. Due to 
the limited control our setup allowed on cooling of the stamp after hot embossing, the thermal 
contraction of the glass imparted a mild curvature to the stamp surface. To compensate for this 
curvature, a moderately high pressure of 50-120 MPa was used to make conformal contact 
between the stamp and silver film. Wedge misalignment was compensated by observing the 
quality of the first few etches, followed by manual tip-tilt alignment. Contacts were made by 
connecting the needle to the counter electrode and the silver film to the working electrode of a 
Gamry Reference 600 potentiostat working in chronoamperometry mode with voltage biases set 
at values ranging from 90mV to 400mV. Completion of etching was identified by a sharp drop in 
the measured electrical current. To ensure completion of the patterning, the voltage bias was 
maintained for an additional few seconds. 
 
 Results & Discussion 3.4
 
3.4.1 Small Stamp Mold Patterns 
 
Two stamps were fabricated based on the procedure outlined in the previous section for 
small stamps. For the first stamp, the pattern that was hot-embossed into the stamp is shown in 
Figure 44a. This pattern was made using conventional microfabrication processes. The height of 
the relief structure was 67 nm for use with 40 nm silver films patterned in these experiments. 
Small area stamps were imprinted with the silicon pattern containing 100 nm to 500 nm features, 
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with an overall area measured to be 0.26 mm2 using SEM images of the etched silver films. Hot 
embossed stamps retained the high resolution patterns of the mold, though recessed features were 
occasionally difficult for the glass to wet, and sometimes air was trapped at the glass-mold 
interface (see Supplemental figure 3). Thin anodized aluminum with 105 nm pitch pores was 
grown for use as a shadow mask for the second mold [45,46]. Electron beam evaporation was 
used to deposit 25 nm of nickel through the mask onto a silicon wafer. Removal of the alumina 
template results in a mold of hexagonally arranged 60-80 nm dots seen in Figure 45a. 
 
 
Figure 44. Silicon pattern and etched silver patterns on silicon. a) Silicon mold used for nano-imprinting. b,c) 
Scanning electron micrographs showing S4 patterned silver with feature widths down to 160 nm. Scale bar is 
1 micron. d-f) AFM and SEM images of complex geometries etched with glassy S4 process. 
 
3.4.2 Silver Pattern Quality 
 
Figure 44b-e shows several images of a silver pattern after S4 etching with the first 
imprinted stamp, including complex patterns and sub-160 nm wide lines. Lines wider than 300 
nm were reliably formed without difficulty. Line spacing of 100 nm was achieved with this 
pattern, however incomplete wetting of the stamp to the master mold caused lower yields on 
long, closely spaced lines that are spaced less than 200 nm apart and some isolated etching areas. 
Figure 45 shows the silver pattern resulting from the stamp imprinted with the anodized 
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aluminum templated mold. The silver dot diameters range from 40-70 nm with the separation 
between particles is as small as 30nm. 
 
  Process Efficiency 3.5
 
Since this electrolyte is a pure ionic conductor, the total charge and mass transported 
across the interface are expected to be nearly identical once steady etching is established. For the 
nanoimprinted small stamp, integration of the current profile for each chronoamperometry curve 
yields the total charge for each run and shows that the stamp quickly reaches a constant value of 
105±1 µC as seen in Figure 46. This value is independent of the voltage used to etch the silver. 
Calculated from the area and thickness of the stamped region, the total charge due to removed 
silver is 99±5 µC, demonstrating that the chronoamperometry data provides an accurate 
indication of the etching progression. In contrast, materials like Cu2S have a significant 
electronic current component in addition to the ionic current [26]. Moreover, since the stamp is a 
pure ionic conductor, the silver ions from the anodic dissolution on the substrate-stamp interface 
do not recombine with electrons near the stamping interface during etching, instead depositing 
out on the back side of the stamp on the cathode. 
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Figure 45. SEM image of silver dots replicated from an anodized alumina template. Top inset: Nickel dot 
mold used to pattern stamp. Bottom Inset: High resolution image showing 40nm wide hexagonally arranged 
silver dots and 30nm spacing reproduced using S4.  
 
The average etch rate was determined by dividing the film thickness by the time required 
to reach 10% of the maximum current density. Due to the quick drop in current around this time, 
it represents the end of the etch process. Figure 46c plots these etch rates versus voltage and a 
linear relationship can be seen. A minimum voltage of 90 mV is needed to initiate etching above 
which the etch rate linearly increases. For voltages above 300 mV the etch rate exceeds 20 nm/s 
which greater than five times the etch rate achieved with Ag2S stamps. A detailed analysis of the 
etch rates also reveals that for a given voltage the etch rate increases slowly with repeated use of 
the stamp. This may be due to silver dendrites seen forming of on the cathode, increasing the 
electric field gradient for each subsequent run.  
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Figure 46. S4 process characterization. a) Typical chronoamperometry curves of 40 nm silver film with etch 
rates of 11.5 nm/s and 2.6 nm/s for applied voltages of 250 mV (solid) and 125 mV (dashed) respectively. b) 
Charge transferred by one stamp in a sequence of several etches. All etching runs above the cutoff voltage 
result in nearly the same charge. c) Relationship of applied voltage to etch rate with rates varying from 0.5 
nm/s to 26 nm/s. 
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 Large Area Patterning 3.6
 
In addition to the parallel nature of S4 pattern transfer, large area stamps were also prepared in a 
parallel manner using thermal nano-imprinting. This process allowed fabrication of stamps of 
several square millimeters as quickly as small stamps given a master pattern. In this work, two 
master patterns consisting of grating patterns with 3 µm pitch and 500 nm height (MicroMasch 
TGZ03) and a PDMS replica mold of silicon pillars of 15 µm diameter and 30 µm height were 
used. With uniform applied pressure, both patterns were reproduced in silver films over 6 mm2 
and 25 mm2 areas respectively. Figure 47 shows the results of large area patterning using the S4 
process with AgI-AgPO3 stamps. 
 
 
Figure 47. Large area patterns etched in silver over a 2-5 mm diameter. a,b) silver grating created with 3 
micron pitch over 2 mm diameter. c,d) periodic holes etched over 5 mm diameter area. 
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 Chapter 4:  Conclusion 
 
Work with solid state superionic stamping has proven that it can replicate high resolution 
features in thin metal films. For S4 to become a practical method, however, the process requires 
that stamps with desired patterns can be generated quickly and reliably and that the method of 
manufacture produces sufficiently high quality stamps. Early work with Ag2S stamps made 
strides in increasing manufacturability by using an embossing technique, however, the method 
still requires surface preparation that does not scale favorably to large areas. 
In one approach toward better S4 stamp processing, several alternate methods for Ag2S 
processing were explored. By examining bulk machining techniques, long thin cylinders of Ag2S 
were processed into the more favorable plate geometry without extensive waste of the ionic 
conductor. In a second approach, electrochemically formed Ag2S films were generated and tested 
for their applicability in S4 as well as a sputter source. 
In an effort to further improve the manufacturability of large, smooth stamps surfaces, a 
literature search was conducted on silver based superionic conductors, resulting in the selection 
of the silver iodide silver oxyacid class of materials for their low melting points stamps to be 
made in a scalable molding process. The silver iodide silver metaphosphate glass system was 
singled out as most promising for S4 stamps. This material was synthesized, characterized, and 
developed into a rudimentary S4 stamp where it demonstrated a significant improvement over 
previously reported superionic stamping with crystalline stamp materials. Silver features as small 
as 30 nm reproduced from a silicon mold with nanoscale dots by S4 with a glass stamp. Micron-
sized patterns were molded on several millimeter wide stamps which were successfully 
transferred onto silver films, demonstrating the capability of large area patterning.  
 Future work with this material should include advancements in glass processing to 
produce large area stamps. In addition, the silver metaphosphate glass system is very rich with 
materials that can be added to further refine glass transition temperature, ionic conductivity, and 
durability of stamp material. Overall, this approach provides a pathway towards an economical 
and practical industrial-scale implementation of solid state superionic stamping.  
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Appendix A:  Nanoscale Patterns with Anodized Aluminum Oxide 
 
 Generation of high resolution features for testing the S4 process is challenging primarily 
because S4 is capable of such high resolution patterning. Traditional photolithography in a 
laboratory setting can only produce features as small as several microns. Commercially available 
and affordable patterns generally can be found in interference gratings with periodicity down to a 
few hundred nanometers. Likewise, interference lithography is also limited by the wavelength of 
deep ultraviolet light sources to several hundred nanometers. This poses a challenge when trying 
to develop patterns that reach sub-100nm resolution, while being affordable enough for direct 
experimentation with stamp embossing. Beam writing processes such as e-beam lithography and 
focused ion milling are capable of sub-100nm features, but the large expense related to the 
extended writing time limits use of these techniques to the generation of only a few patterns. In 
addition to the use of a few complexly patterned molds, an alternate bottom-up method for mold 
fabrication was utilized following a process widely reported in literature [46]. 
 Patterns were generated by anodizing aluminum to generate a porous alumina structure. 
During anodization of aluminum, aluminum oxide formation stresses the boundary between the 
two materials. To relieve the stress the aluminum oxide bends until it forms a pore structure. 
Anodization continues with a voltage gradient driving oxygen ions across the thin aluminum 
oxide layer to form more alumina, resulting in lengthening of the pore structure. 
 The anodization conditions including temperature, anodization voltage, and the acid used 
in the anodization process determine quality and dimensions of the porous structure. The process 
experimentally determined here was to develop regularly arranged pores with a center-to-center 
spacing of 100nm. However, the pore formation in general can vary widely depending on the 
anodization conditions. All anodization takes place at reduced temperature, usually 0-15°C, to 
reduce the acidic attack on the formed alumina by the acid bath. If the temperature is too high, 
the acid will erode the pore structure as it is formed. The anodization voltage allows a measure of 
control on the pore size. At higher voltages the oxygen ions can be pulled further through the 
alumina coating the bottom of the pores, resulting in larger pores with thicker walls. Finally the 
acid used in the anodization bath plays an important role in the overall size of the pores. Hard 
anodization utilizes sulfuric acid, H2SO4, to produce very small pores of about 10-30 nm 
diameter [46]. Oxalic acid, H2C2O4, is capable of producing pores in the range of 30-80 nm. 
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Phosphoric acid produces even larges pores, with diameters ranging from 100-200 nm. For each 
acid, pores self-assemble into a hexagonal lattice at a specific voltage. Ultimately it is the 
regular, hexagonal array of pores that will generate nanometer scale features for S4 molds. 
 
A.1 Process Overview 
 
 The process for producing an S4 mold from anodized aluminum oxide requires several 
steps outlined in Figure 48. The first step is to prepare the aluminum for anodization by 
polishing. Since the aluminum must be smooth on the scale of microns, electropolishing is used 
to remove small scale roughness. Next the aluminum is anodized in a two-step process to 
produce a porous thin alumina layer on the surface of the aluminum. Then the substrate is coated 
with a protective layer of PMMA. The aluminum is then chemically etched away leaving only 
the alumina and PMMA behind. Since in this structure the pores are still closed on one end, the 
film is then chemically etched until the closed end of the pores are open. The film is now 
transferred onto a silicon wafer in an acetone bath that removes the PMMA handling layer. 
Finally the alumina layer is used to shadow mask metal deposition onto silicon and afterwards 
the alumina is removed to leave behind nanoscale metal dots.  
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Figure 48. Process overview for generating nanoscale dots on silicon for use as a master mold. 
 
A.2 Aluminum Preparation 
 
 Although all aluminum will form a porous surface when anodized, to attain flat, 
continuous porous alumina the starting material must be both pure and highly polished. A variety 
of aluminum sources were examined with purity ranging from 98% Al to 99.999% Al. 
Aluminum with 99.99+% purity polished best and gave the overall best alumina films. Since all 
aluminum remaining after the anodization process was to be removed, aluminum foil was used 
with thickness ranging from 100-250 microns to minimize the wasted aluminum. 
 Various methods exist to polish aluminum including mechanical, chemical, and 
electrochemical. While mechanical polishing is useful for establishing bulk flatness, the process 
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leaves micron scale polishing scratches. Since foils purchased were generally relatively thin, 
mechanical polishing was skipped and films were simply pressed between glass slides to make 
them flat. Both chemical and electrochemical polishing produce micron scale smooth surfaces, 
however chemical polishing produces large scale pitting and because of this electrochemical 
polishing was used to prepare the aluminum foil. 
 Electropolishing was carried out using a solution of 4:1 ratio of ethanol to perchloric acid 
held at -5°C to 10°C in an ice bath. To achieve temperatures below 0°C, approximately 10-20% 
of the ice bath mixture was replaced with ethanol. Keeping the temperature of the polishing 
solution was essential both for the polishing and because of explosion hazards present when 
using perchloric acid. Aluminum samples and a platinum counter electrode were suspended in 
the solution and polishing was conducted at 20V. Electropolishing time was limited to 2-5 
minute intervals due to heat generated during the process causing the temperature to increase. 
Overall, it was found that 5 minutes of polishing was sufficient to produce highly polished 
aluminum films.  
 
A.3 Two-Step Anodization 
 
 Anodization was conducted using a thermoelectric cooler and temperature controller to 
create a water bath ranging from 2-10°C. Voltage was applied using an Agilant 6634B DC 
power supply with a gold foil cathode. The anodization solution consisted of 0.3 M oxalic acid to 
generate the desired pore-to-pore spacing. Anodization was conducted at 40 V, since this voltage 
produces highly ordered pores with pore-to-pore spacing of approximately 105 nm with 40 nm 
pores.  
 Pore initiation is thought to be due to nanoscale surface variations that favor pore 
formation. Since initially the aluminum surface has only random variations, pores begin to form 
randomly. As the aluminum is converted to alumina the pores grow inward aligning the pores 
perpendicular to the aluminum/aluminum oxide interface. Moreover, as new pore wall is 
generated pores mutually repel each other causing all the pores to migrate towards a common 
size.  
 To generate a thin porous alumina layer with ordered pores, the aluminum surface is first 
anodized for an extended period, usually 8+ hours. By the end of this time the pores have 
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become vertically aligned towards the surface and become close packed with a packing order 
preserved across approximately 2 microns. Figure 49 shows an alumina surface after primary 
anodization.  
 
Figure 49. Top surface of aluminum sample after first anodization. Pores are randomly shaped and not 
uniformly sized. 
In the next step the alumina pores are removed using a solution of 6% phosphoric acid and 1.8% 
chromic acid at 60°C. This etchant shown in Figure 50 attacks the aluminum oxide, but not the 
metallic aluminum. After etching for 2-4 hours all the aluminum oxide is removed, but the 
texturing generated from the anodization process remains on the aluminum. The etching solution 
appears red-orange due to the presence of the dichromate ion, but upon dilution changes to 
yellow as the dichromate converts to chromate. During waste collection if small amounts of 
ethanol or isopropanol are used for rinsing they will be converted to acetic acid or acetone 
respectively and the toxic Cr(VI)  is converted to green Cr(III) which is less harmful [47]. Figure 
51 depicts the aluminum surface after alumina etching showing the highly textured surface.  
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Figure 50. Selective alumina etchant consisting of 6% phosphoric acid and 1.8% chromic acid at 60°C. 
Chromic acid is carcinogenic and very toxic with LD50 80mg/kg in rats and must be carefully collected. 
Addition of small amounts of ethanol or isopropanol converts the Cr(VI) to less toxic Cr(III). 
 
Figure 51. Aluminum sample after alumina etch. Surface shows a high level of texturing remaining after 
removal of cup-shaped pores. 
 
 With the aluminum surface textured, a second anodization is done on the aluminum. 
Whereas during the first anodization pores formed randomly, the texturing ensures that pores 
immediately form vertically and in a closed packed fashion. Figure 52 shows an aluminum film 
after a second round of anodizing for 10 minutes where the film was then bent and the brittle 
alumina cracked.  
Rinse water Waste collection Etching solution 
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Figure 52. Thin alumina after 10 minutes of a second anodization. The brittle porous structure broke when 
the film was bent showing the vertically aligned pore structure. 
A.4 Addition of Handling Layer and Aluminum Removal 
 
 The next step is to remove the alumina from the bulk aluminum substrate. However, 
porous alumina films thinner than 1 micron are delicate and brittle. To allow handling of the 
alumina film a drop of PMMA is spun coated onto the porous alumina and baked at 110°C for 10 
minutes. Several sources in literature show that HgCl2 and SnCl2 are effective at removing 
metallic aluminum while resulting in soluble products [46]. However, due to the toxic nature of 
mercury, aluminum was etched instead with a solution of CuCl2 in HCl [48,49]. Immersion of 
the aluminum in this solution causes a single replacement reaction that precipitates copper. 
While copper contamination is undesirable, in practice it was found that the copper powder that 
was formed was easily separated from the alumina and therefore not a significant issue.  
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Figure 53. Selective aluminum etchant consisting of HCl, CuCl2, and water. Copper ions in solution give the 
mixture a green color that fades as the copper ion concentration is depleted. Aluminum is etched in a single 
replacement reaction with copper ions, resulting in a reddish-brown copper paste.  
 
 
Figure 54. Alumina film with PMMA coating floating on water. The thin porous alumina causes interference 
patterns generating color. 
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A.5 Pore Opening and Optional Pore Widening 
 
 The porous alumina structure at this stage only has one side open, the side with PMMA 
attached. To allow pores to go entirely through the alumina film, the pores are etched away with 
a timed alumina etch. Since the sidewalls of the pores are formed when alumina at the bottom of 
a pore is pushed against alumina from the neighboring pore, the sidewall nominally has twice the 
thickness of alumina as the bottom of the pore, allowing bottom to be etched away without 
disintegrating the porous film. 
 
A.6 Film Transfer 
 
 Films were transferred to a silicon wafer by immersing in an acetone bath for 30 minutes 
to dissolve the PMMA backing. Then a silicon wafer is inserted in the bath and while the acetone 
is removed. The film is maneuvered on top of the silicon and adheres to as the acetone level 
drops below the height of the wafer. Then the film was lightly rinsed in isopropyl alcohol to 
remove acetone residue. Finally the films are baked dry on a hot plate at 60°C. Figure 55 show 
the alumina film directly on the silicon before metal deposition. Since alumina is a dielectric 
SEM images clearly show charging of the thin film.  
 
A.7 Metal Deposition and Liftoff 
 
 Finally metal is deposited with electron-beam evaporation. Due to the small diameter of 
the pores, only approximately 40 nm of metal can be deposited before metal accumulates at the 
top of the pore, closing it off. For alumina films below 100 nm thick, even 40 nm can be too 
much since the alumina can become encapsulated I the deposited metal. To remove the alumina 
films can be either rinsed vigorously with water or sonicated briefly. Figure 55 below shows the 
metal deposited through the pores. Figure 56 shows a larger area pattern of deposited metal dots 
typical of the process.  
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Figure 55. Two alumina films remaining on silicon after metal deposition. 
 
 
Figure 56. Top view of deposited metal dots after alumina removal. 
 
 
